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1. Chemical synthesis, film fabrication, and post-synthetic modifications

1.1. Materials

Methanol (>99.9%), ethanol (pure, non-denatured), dichloromethane (DCM, >99.8%,
stabilized with amylene), dimethylacetamide (DMAc, >99.8%, anhydrous), 1-methyl-2-
pyrrolidinone (NMP, >99.5%, anhydrous), chloroform (>99.9%, amylenes as stabilizer), toluene
(>99.8%, anhydrous), pyridine (>99.9%), borane dimethyl sulfide complex solution (5.0 M in
diethyl ether), hydrochloric acid (HCIl, 37%), potassium carbonate (K,CO;, >99%), sodium
hydroxide (NaOH, >98%, anhydrous pellets), and di-tert-butyl-dicarbonate (DTBDC, >99%)
were purchased from Millipore Sigma and used as received without further purification. The PIM-
1 monomers, 5,5’,6,6’-tetrahydroxy-3,3,3°,3’-tetramethyl-1,1’-spirobisindane (TTSBI, 96%) and
tetrafluoroterepthalonitrile (TFTPN, 99%) were also purchased from Millipore Sigma, and they
were purified using recrystallization and vacuum sublimation. H, (UHP300 99.999%), CH4
(UHP300 99.99%), N, (UHP300 99.999%), and O, (UHP300 99.994%) were purchased from

Airgas.

1.2. Monomer purification, PIM-1 synthesis, and film fabrication

TFTPN was purified using vacuum sublimation at 140—-150 °C for approximately 2 h.
TTSBI was purified by recrystallizing in methanol. To perform the recrystallization, 10 g of TTSBI
was dissolved in 100 ml of methanol. The solution was concentrated by boiling until approximately
half of the solution evaporated. After cooling the concentrated solution to approximately 40 °C,
20 ml of DCM was added and left to cool naturally in a chemical fume hood overnight. Fine white
flakes that formed in the solution were vacuum filtered and dried in a vacuum oven at 60 °C

overnight.



PIM-1 was synthesized via high-temperature step polymerization as previously reported,’
but with slight modifications. TTSBI (5.106 g; 15 mmol), TFTPN (3.003 g; 15 mmol), and 30 ml
of DMAc were stirred in a 3-neck round bottom flask at 300 rpm. After the monomers were
completely dissolved, K,CO; (6.210 g; 45 mmol) was added to the reaction flask, and the flask
was submerged in a pre-heated oil bath at 160 °C. A Dean—Stark apparatus filled with toluene was
attached to the flask, and a total of 25 ml of toluene was added to the reaction flask when the
polymerization solution became too viscous to continue stirring. This addition of toluene was
important to keep the reaction solution homogeneous, maintain solubility, and avoid crosslinking.
After 60 min of the reaction, the flask was removed from the oil bath, and an additional 30 ml of
toluene was added. The reaction solution was then poured slowly into methanol to precipitate the
synthesized PIM-1. The precipitated PIM-1 was vacuum filtered and dried overnight at 130 °C.
To purify PIM-1, it was dissolved again in 100 ml of chloroform and then reprecipitated in
methanol. This purification step was repeated three times to remove residual solvent and low
molecular weight polymerization products. Finally, the polymer was boiled in hot water for 5 h to
remove salt, and it was dried in a vacuum oven at 130 °C overnight.

PIM-1 films were prepared using a standard solution-casting procedure. The PIM-1
polymer (0.1 g) was dissolved in 3.3 ml of chloroform (3 wt/v %) and stirred for 30 minutes. The
solution was then filtered using a 0.45 um syringe filter (VWR, 76479-008) into a 5 cm diameter
STERIPLANP glass Petri dish (237554008, DWK Life Sciences). The glass dish was covered with
a piece of aluminum foil and a Petri dish cover to slow down the evaporation of chloroform. The
solution was left inside a chemical fume hood for 72 h. The film was then detached from the Petri

dish and dried in a vacuum oven at 130 °C for 12 h.



1.3. Post-synthetic modifications (PIM-NH, and PIM-NH,-FVM)

PIM-NH, and PIM-NH,-FVM films were synthesized using solid-state post-synthetic
functionalization processes as previously reported.? In short, the cast PIM-1 films were submerged
in excess 5.0 M borane dimethyl sulfide complex solution at 45 °C for 5 h. The resulting films
were immersed in 1.0 M methanolic HCI for 8 h, and then the films were neutralized in a 5 wt%
NaOH/DI water solution for 6 h. After the neutralization step, the films were repeatedly immersed
and washed in DI water to remove NaOH from the films. The resulting PIM-NH, films were then
dried in a vacuum oven at 130 °C for 12 h.

For PIM-tBOC, the PIM-NH, films were subsequently functionalized with tBOC groups
by immersing approximately 0.3 g of the films in 40 ml of NMP, 686 ul of pyridine, and 2 ml of
DTBDC at 35 °C for 24 h. The resulting PIM-tBOC films were washed with MeOH and DI water
and then dried in a vacuum oven at 130 °C for 12 h. The dried PIM-tBOC films were treated in a
vacuum oven at 250 °C for 27 h to thermally remove the tBOC groups to form PIM-NH,-FVM.
PIM-NHj, films in this study were thermally annealed at 250 °C for 27 h to directly compare the
effect of FVM with the non-protected analogues that experienced identical thermal processing.
PIM-1 films only underwent the normal drying procedure at 130 °C for 12 h to serve as a
benchmark polymer that has comparable drying conditions to other PIM-1 samples studied in the

literature.



Table S1. Compiled density of PIM-1 using Archimedes’ principle in literature.

Density Solvent Reference

1.21 +0.06 Water This work
1.11 Water 2
1.18 Ethanol 9
1.1 Hexane 10
1.09 Hexane 11
1.112 - 12
1.1 Hexane 13
1.059 Ethanol 14
1.06 Ethanol 15
1.063 Ethanol 16
1.06 Alcohol 17

1.066 Fluorinert FC 77 18




Table S2. Compiled density of PIM-1 derivatives measured in

principle.

our lab using Archimedes’

Polymer Density Solvent Note
1.21 £0.06 Water This work
1.11 £0.02 Water
1.22 £ 0.02 Water
PIM-1
1.18 £ 0.02 Heptane
1.14 £ 0.02 Decane
1.14 +£0.01 Hexadecane
1.28 £0.02 Water This work
1.18 £ 0.02 Water
1.32+£0.02 Water
1.10+£0.02 Water
PIM-NH,
1.15+0.01 Heptane
1.13+0.01 Heptane
1.16 £ 0.01 Decane
1.15+£0.01 Hexadecane
1.25+£0.02 Water This work
PIM-NH,-FVM
1.15+0.04 Water




2. Pure-gas permeation experiments

Table S3. Kinetic diameter of gases considered in this work.

Gas d (A)
H, 2.89
0O, 3.46
N, 3.64
CH,4 3.80
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Figure S1. Comparison of aging behavior on an absolute scale by tracking pure-gas permeabilities
of (a) H,, (b) O,, (¢) N,, and (d) CH, up to approximately 10,000 h. The linear fits of the

experimental data on a log—log scale are shown in the dashed lines along with their R? values.



Table S4. Gas permeability and ideal selectivity of tested gases.

Aging Permeability (barrer) Selectivity
Polymer time?

ime* (h)  H, 0, N, CH,4 HyCH,  Oy/N,
Fresh® 3380+ 90 1250 + 60 400 = 30 590 + 80 59 08 3.1+0.1
33 2660+ 70 1020 £ 30 350 = 10 590 £ 10 45 +£02 2.9+0.1
82 2640+ 70 1000 + 30 340 = 10 570 + 10 4.6 +02 29+0.1
206 2610+ 70 990 = 30 340 + 10 550 + 10 47 £02 29+0.1
PIM-1 419 2550+ 70 940 = 20 310+ 10 500 + 10 51 +02 3.0+0.1
948 2320+ 60 800 = 20 250 + 10 380+ 100 6.1 £0.2 33+0.1
2824 2020+ 50 700 £ 20 220 + 10 330+ 10 6.1 £0.2 33+0.1
10024 1980+ 50 660 £ 20 200 = 10 300+ 10 6.7 £02 34+0.1
Fresh® 1450+ 70 430 + 10 134+ 9 210 £ 20 6.8 + 0.6 32+0.1
31 1680+ 40 550 £ 10 180 % 10 300 + 10 56 +0.2 3.1+0.1
84 1650+ 40 520 = 10 160 = 10 260 £ 10 6.3 +0.2 32+0.1
PIM-NH, 200 1610+ 40 490 = 10 150 = 10 220+ 10 74 £02 34+0.1
441 1570+ 40 460 = 10 130 = 10 180 £ 10 8.6 +0.3 3.5+0.1
995 1540+ 40 430 = 10 110+ 10 150+ 10 10 +1 3.7+0.1
2815 1500+ 40 380 = 10 94 + 110+ 10 13 +1 40+0.1
10018 1390+ 30 330 £ 10 78 + 90+ 2 16 1 43+0.1
Fresh® 2000 +200 500 + 100 120 + 30 170+ 50 13 2 4.6+0.5
37 2170+ 90 600 = 30 170 = 10 240 £ 10 8.9 +0.2 3.6 +0.2
82 2160+ 90 580 £ 20 160 = 10 220+ 10 9.7 £0.2 3.6+0.2
PIM-NH,- 204 2110+ 90 530 £ 20 130+ 10 170+ 10 12 =1 4.0+0.2
FVM 446 2050+ 90 480 £ 20 120 % 10 140+ 10 14 =+1 42402
1006 2020+ 90 420 + 20 92+ 4 110+ 10 19 =+1 46+03
2819 2010+120 360 = 20 71+ 4 75 + 27 1 5.1+04
9998 1980+ 120 330 £ 20 60 £ 3 62 + 32 +3 55+0.5

The errors are calculated from propagation of uncertainty.
aThe presented time is the aging time at the start of hydrogen permeation test. All tests were completed within 6 hours

unless indicated otherwise.

"Permeability and selectivity of polymer samples from the previous study? are included for comparison.
“Methane was retested for this point at a later time (aging time = 1,859 h).
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Figure S2. Comparison of selectivity as a function of time up to 10,000 h on an absolute scale for
(a) Hy/CH4 and (b) O,/N,. The linear fits of the experimental data on a log—log scale are shown in

the dashed lines along with their R? values.
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plots.
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Table S5. A summary of permeability aging rate constants (ﬁ P) extracted from aging curves for

Hz, 02, Nz, and CH4

Polymer Gas Bp
H, 0.060
0, 0.086
PIM-1 N, 0.117
CH, 0.135
H, 0.032
0, 0.088
PIM-NH; N, 0.149
CH, 0.219
H, 0.018
0, 0.118
PIM-NH,-FVM N, 0.203
CH, 0.266

Table S6. A summary of slopes obtained from linear fits of aging rate constants (ﬁ P) in a semi-

long scale, highlighting the influence of penetrant size on physical aging behavior.

Polymer Slope Ref

PIM-NH, 0.137 This work
PIM-NH,-FVM 0.199 This work
0.058 This work

0.062 3

0.098 4

PIM-1 0.057 5

0.039 6

0.089 7

0.091 8

11
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3. Pure-gas permeation experiment - reproducibility test

Table S7. A summary of information on the replicate samples, including the number of samples

tested, thickness, density, fractional free volume (FFV) calculated from the group contribution

method, drying conditions, and post-treatment conditions. All uncertainties are noted as standard

deviations.
Polymer PIM-1 PIM-NH, PIM-NH,-FVM
Number of samples 3 4 3
Thickness (pum) 40.6 £3.6 46.0 £ 8.0 559+9.1
Density (g/cm?) 1.21 £0.06 1.28 +0.02 1.25+0.02
FFV groupa 0.23 +0.04 0.16 +0.01 0.18+0.01

Drying conditions

Post-treatment conditions n/a

Vacuum, 130 °C, 12 h

Vacuum, 130 °C, 12 h
Vacuum, 250 °C, 27 h

Vacuum, 130 °C, 12 h
Vacuum, 250 °C, 27 h

aLight urea crosslinks were not considered in the calculation.

13



Table S8. Gas permeability and ideal selectivity of tested gases for the replicate samples. All

uncertainties are noted as standard deviations.

Aging Average permeability (barrer) Average selectivity

Polymer .
time? (h) H, 02 N, CH4 Hz/ CH4 02/N 2

32+ 2 3350 £ 530 1160 £ 190 350 = 70 520 = 130 69 = 23 33+ 04

H

81+ 2 3310 £510 1140 £170 340 + 60 500 £ 120 7.1 £ 23 34+ 04
PIM-1 207 + 1 3260 £ 490 1130 + 140 340 + 40 500+ 90 6.8 + 1.8 34+ 03
427 + 10 3170 £ 480 1080 + 140 320 + 30 460+ 70 7.0 £ 1.5 34 £ 03

962 + 21 2900+ 470 870 £ 90 230 £ 20 320+ 500 94 + 24 38+ 04

31+ 1 2360 = 500 760 170 240 + 50 360+ 70 6.5 £ 0.7 32+ 0.1

87+ 7  2300+£500 710 £160 220 + 50 320+ 70 7.3 £ 09 33+ 0.1

PIM-NH, 213 £ 11 22604520 680 =170 200 = 60 270 = 80 84 = 12 3.5+ 02
428 + 8 2230+ 540 650 £180 180 + 50 240+ 80 94 + 1.3 3.6 £ 0.1

1004 + 15 2170 £ 530 610 £170 170 + 50 20+ 70 10 + 1 37+ 0.1

35+ 2 3110 £ 880 840 +270 220 + 80 300 £ 120 11 + 3 38+ 03

PIM-NH,;- 81+ 1  3040+890 780 £290 200 + 90 260 £ 130 13 =+ 5 40 £ 0.5
FVM 423 +19 2950 +£850 670 £290 160 + 80 190+ 110 20 + 9 46 + 0.7
1007 + 8 2810+ 740 590 £260 130 + 70 130+ 70 24 =+11 48 + 0.7

The error bars indicate standard deviations.

aThe presented time is the aging time at the start of hydrogen permeation test. All tests were completed within 6 hours unless
indicated otherwise.

"Methane was retested for this point for one sample at a later time (aging time = 1,267 + 420 h).

14
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4. Pure-gas sorption experiments
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Figure S7. Sorption isotherms comparison and dual-mode sorption fittings for (a) O,, (b) N,, and

(c) CHy for fresh films of PIM-1, PIM-NH,, and PIM-NH,-FVM measured at 35 °C.
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Table S9. Dual-mode sorption (DMS) model parameters fitted to experimental data.

PIM-1 PIM-NH, PIM-NH,-FVM
Polymer Gas
2h 1251h  2233h  27h  1059h 2214h  35h  723h  2234h
kp 0, 039 037 035 041 034 035 044 043 036
(emdpemsd Ny 025 021 021 028 023 024 030 028 022
wm-y  CHy 070 073 067  0.65 054  0.57 0.70 074 0.6
c 0, 623 63.7 637 473 529 487 570 564 633
N, s 55.8 561 39.1 387 424 467 512 538
(emsrp Mpa)  CH,  58.1 55.0 571 522 518 497 568 559 578
5 O, 0035 0033 0034 0043 0038 0040 0041 0040 0037
B N, 0038 0037 0035 0046 0046 0040 0048  0.043  0.041
@m=3  cH, 0151 0153 0148 0177  0.174 0.169  0.190  0.188  0.182

The presented time is the aging time at the start of oxygen sorption test.
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5. Effective diffusivity and sorption coefficient data

Table S10. Diffusion coefficients and sorption coefficients of H,, O,, N,, and CH, for the polymers

studied in this work.

Diffusion coefficient®

Sorption coefficient® (

Aging MNP 3 -3 e - 1
Polymer time? (10 "em®s 7 CMgrp CMpop ALM
h
( ) 0O, N, CH,4 0O, N, CH,4
22 294 12.0 5.94 2.50 2.18 8.29
PIM-1
2233 23.6 8.41 3.48 242 2.10 8.01
27 16.2 6.09 2.66 2.36 2.01 8.50
PIM-NH,
2314 13.2 3.99 1.21 2.23 1.88 7.75
35 15.3 4.72 1.90 2.69 242 9.76
PIM-NH,-FVM
2234 11.1 2.56 0.70 2.64 2.35 9.52

aThe presented time is the aging time at the start of oxygen sorption test.
"Permeabilities at corresponding sorption test times were calculated from the linear fits of the experimental data in log-log

scale, shown in Figure 2. The diffusion coefficients were then calculated using the sorption—diffusion model.

°The sorption coefficients were calculated using the dual-mode sorption model, using the fitting parameters in Table S9 and

the testing pressure of 15 psia.
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6. Variable-temperature permeation experiments
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Figure S11. Comparison of Arrhenius plots for fresh and aged (a) PIM-NH,; and (b) PIM-NH,-
FVM membrane films. The lighter and filled symbols indicate fresh samples and the darker and

unfilled symbols indicate aged samples (710 h).
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Figure S12. Comparison of activation energy of permeation for fresh and aged PIM-NH, and

PIM-NH,-FVM films. The lighter colors indicate fresh samples, and the darker colors indicate

aged samples (710 h).
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Table S11. Gas permeability and ideal selectivity of tested gases for the variable-temperature

study.
Aging Temp Permeability (barrer) Average selectivity
1 a
Polymer t'(‘;‘)e ©C) H, 0, N, CH, Hy/CH,  OJ/N,
35 2520 + 70 750 + 20 210 + 10 290 + 10 8.7+ 0.3 3.6 +0.1
3y B 2510 + 70 750 + 20 230 + 10 330 + 10 75+ 03 32 +0.1
55 2530 + 70 750 + 20 250 + 10 390 + 10 6.6 £ 0.2 3.0 £0.1
65 2550 + 70 750 + 20 260 + 10 430+ 10 6.0+ 0.2 29 +0.1
PIM-NH; 35 2290 + 60 590 + 20 140 + 10 170 + 10 139+ 05 41 £02
10 % 2330 + 60 620 + 20 170 + 10 210 + 10 113+ 04 3.7 £0.1
55 2380 + 70 630 =+ 20 190 + 10 250 + 10 9.4+ 04 3.4 +0.1
65 2410 + 70 640 + 20 210 + 10 310 + 10 7.8+ 0.3 3.1 +£0.1
35 3200 + 60 890 + 20 250 + 20 320 + 10 10.0 £ 0.3 3.6 0.1
o b 3240 + 60 950 + 20 280 + 10 380 + 10 8.6+ 0.2 3.4 £0.1
55 3270 + 60 950 + 20 310 + 10 440 + 10 74+ 02 3.1 0.1
PIM-NH,- 65 3340 + 60 940 + 20 330 + 10 500 + 10 6.6+ 0.2 29 +0.1
FVM 35 2910 + 60 610 £ 10 120 + 10 130 + 10 227+ 0.6 49 +0.1
710 45 2960 + 60 660 £ 10 150 £ 10 170 +£ 10 175+ 0.5 43 +£0.1
55 3020 + 60 710 £ 10 190 + 10 220 + 10 13.7 + 0.4 3.8 0.1
65 3070 + 60 750 £ 10 220 + 10 280 + 10 11.0 £ 0.3 3.4 +0.1

aThe presented time is the aging time at the start of hydrogen permeation test. All tests were completed within 4 hours unless

indicated otherwise.

Table S12. Activation energy of permeation of H,, O,, N,, and CH, for the polymers studied in

this work.
Aging Activation energy of permeation
Polymer time? (kJ mol™)

(b) H, O, N, CH4
33 0.166 —0.095 2.632 4.883

PIM-NH,
710 0.678 1.152 4.959 7.853
PIM-NH,- 20 0.508 0.657 3.450 5.761
FVM 710 0.690 2.575 7.111 9.791

aThe presented time is the aging time at the start of hydrogen permeation test. All tests were completed within 4

hours

unless

indicated

otherwise.
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7. Fractional free volume (FFV) dependence on permeability changes on a

normalized scale

Permeability (P) and fractional free volume (FFV) are typically correlated by the following

equation:!?

B
P=A4e V#(S1)

where A and B are gas-specific constants. By using this correlation, we can derive an equation for

the normalized permeability as follows:

- —|#(52)
FFV, FFV

P

5o (
where FFV, is the initial fractional free volume and FFV is the fractional free volume of an aged
sample. By using this relationship between the normalized permeability and FFV, we can generate
sensitivity plots of how normalized permeability, which is directly related to percent change, is
impacted by the initial FFV. Figure S13 presents examples of these sensitivity plots generated for
hydrogen (B = 1.645) and methane gas (B =2.369).19 As shown in the figure, the contour lines are
slanted, suggesting that initial fractional free volume indeed matters to the amount of decrease
observed for normalized permeability. Additionally, we can also observe that the size of gas
molecules also affects in these sensitivity plots. For example, consider two polymers with FFV,
of 0.3 and 0.2. If both polymers’ FFV decrease by 0.01 due to physical aging, the normalized
permeability of the polymer with FFVy = 0.3 will be approximately 0.84 for hydrogen and 0.76
for methane, whereas those for the polymer with FFV, = 0.2 will be approximately 0.67 for

hydrogen and 0.54 for methane. This suggests that the polymer with lower initial FFV will

generally show a larger drop in a normalized scale (e.g., PIM-NH, and PIM-NH,-FVM), and it is
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difficult to completely isolate the effect of physical aging factors (e.g., hydrogen bonding and
crosslinking) from this effect when comparing different samples with different initial FFV. Thus,
physical aging should be studied both in terms of gas transport properties as well as free volume
(or packing density). Similar sensitivity plots can be produced for diffusivity since diffusivity is
typically correlated by an equation with an identical form to that of Eg. S7:?°

*

B
D=A%e #($3)

P
Normalized permeability

li
0 0.01 0.02 0.03 0.04 0.05 o 0.01 0.02 0.03 0.04 0.05

Total FFV decreased with aging Total FFV decreased with aging
Decreasing FFV Decreasing FFV

Figure S13. Sensitivity plots of normalized permeability to initial fractional free volume (FFV))
for (a) hydrogen and (b) methane. Y-axis is the FFV,, and x-axis is the absolute amount of the

fractional free volume decreased with aging.
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8. Wide-angle X-ray scattering (WAXS)

Table S13. d-spacing calculated from WAXS patterns.

- . s . ()
I Aging d-spacing (A) Changes in d-spacing (%)
¥ time? (h) Peak1 Peak2 Peak3 Peakl Peak2 Peak3
3 6.84 4.96 3.83
PIM-1 1369 673 480 377 02 T A
5 6.71 491 3.89
PIM-NH, 1377 6.62 485 380 -1.27 —1.28 -1.70
PIM-NH,- 4 6.67 4.96 3.85
FVM 1369 6.53 4.83 3.78 2.9 249 1.95
aThe presented time is the aging time at start of WAXS experiment.
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9. Positron anihillation lifetime spectroscopy (PALS)

Table S14. A summary of parameters obtained from PALS, including o-Ps lifetimes (*3 and T4)

and intensities (I3 and 14). PALS experiments were performed on the samples from our previous

study? that had been aged for approximately 20,000 h (833 days).

PIM-1 PIM-NH, PIM-NH,-FVM

Aging time® (h) 19,170 21,050 19,150
73 (ns) 24 £02 22 +0.1 23 £0.1

ey H@9) 7.17 + 0.05 571+ 0.04 57 +0.1
I3 () 58 +02 53 +£02 63 +04

lyoey 179 +03 207 +£03 202 =04

73 (ns) 1.5 +0.1 17 +0.1 1.7 +0.1

T4 (ns) 6.59 + 0.04 537 +0.03 5.57 +0.04

Aged I3 () 58 = 0.4 56 +£02 58 02
lyory 151 £ 02 222 £03 189 +03

aThe presented time is the aging time at the start of PALS experiment.
YPALS data for fresh samples are from previous study.?
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